Abstract-The heat capacity of a natural monticellite (Ca,.,Mg.,,Fe.~Mn.o,Sio.9903.99) measured between 9.6 and 343 K using intermittent-heating, adiabatic calorimetry yields C$298) and S&s of 123.64 f 0.18 and 109.44 +-0.16 J -mol-' K-' respectively. Extrapolation ofthis entropy value to end-member monticellite results in an S$, = 108.1 + 0.2 J. mol-' K-'. High-temperature heat-capacity data were measured between 340-1000 K with a differential scanning calorimeter. The high-temperature data were combined with the 290-350 K adiabatic values, extrapolated to 1700 K, and integrated to yield the following entropy equation for end-member monticellite (298-1700 K): Phase equilibria in the CaO-MgO-Si02 system were calculated from 973 to 1673 K and 0 to 12 kbar with these new data combined with existing data for akennanite (Ak), diopside (Di), forsterite (I%), merwinite (Me) and wollastonite (Wo). The location of the calculated reactions involving the phases MO and Fo is affected by their mutual solid solution. A best fit of the thermodynamically generated curves to all experiments is made when the S&, of Me is 250.2 J -mol-' K-', less than the measured value of 253.2 J * mol-' K-l.
S$(J.mol-' K-') = .S '&, + 164.79 In T + 15.337. 10m3 T + 22.791 . lo5 T-I -968.94 Phase equilibria in the CaO-MgO-Si02 system were calculated from 973 to 1673 K and 0 to 12 kbar with these new data combined with existing data for akennanite (Ak) , diopside (Di), forsterite (I%), merwinite (Me) and wollastonite (Wo). The location of the calculated reactions involving the phases MO and Fo is affected by their mutual solid solution. A best fit of the thermodynamically generated curves to all experiments is made when the S&, of Me is 250.2 J -mol-' K-', less than the measured value of 253.2 J * mol-' K-l.
A best fit to the reversals for the solid-solid and decarbonation reactions in the CaO-MgO-Si02-CO2 system was obtained with the AGqg8 (kJ -mole-') for the phases Ak (-3667) , Di (-3025) , . and . The two invariant points -Wo and -Fo for the solid-solid reactions are located at 1008 ? 5 K and 6.3 f 0.1 kbar, and 1361 ? 10 K and 10.2 I? 0.2 kbar respectively. The location of the thermodynamically generated curves is in excellent agreement with most experimental data on decarbonation equilibria involving these phases.
INTRODUCI'ION
BOWEN ( 1940) PROPOSED ten decarbonation reactions in the system CaO-MgO-Si02-C02-H20 characteristic of progressive metamorphism, which give rise to a petrogenetic grid in pressure-temperature space. Phase relations in the system CaO-MgO-SiO*-X(C02) have since been carefully determined by experimental reversals at moderate pressures and temperatures. Unfortunately, efforts to match thermodynamically generated curves for the solid-solid reactions to the experimental reversals have not been entirely successful (HELGESON ef al., 1978; VALLEY and ESSENE, 1980) , and thermodynamic arguments suggest that the experimental reversals for the decarbonation reactions must be in error (TURNER, 1968) . VALLEY and ESSENE ( 1980) fit thermodynamically derived curves to the experimental reversals for the following reactions: Ca2MgSi20, = CaMgSi04 + 
Experiments on reactions (2) and (4) could not be fit with available thermodynamic data for the end-member phases. ESSENE ( 1980) and BROUSSE et al. ( 1984) concluded that there must be errors in the entropies of monticellite and either merwinite or akermanite, assuming the reversed experiments are valid. At the time of these studies, the heat capacities of merwinite and akermanite had only been measured down to 50 K ( WELLER and KELLEY, 1963) , whereas the heat capacity of monti&ite was unmeasun& VALLEY and &SENE (1980) used the value *h S(forsterite) + % ~cakium-olivine) as their entropy estimate for montic&e. MOE recently, the heat capacity of akermanite has been measured between 9 and 1000 K (HEMING-WAY et al., 1986) yielding an entropy 3.4 J -mol-' K-' higher than WELLER and KELLEY'S (1963) (BIGGAR and O'HARA, 1969; YANG, 1973; WARNER and LUTH, 1973; ADAMS and BISHOP, 1985) , which potentially a&cts e&librium reversals involving these phases. In order to refine phase ~&tionships in the system CaO-MgO-SiO&Q , the volume and heat capacity of a natural monticellite were mcasued, and corrected for minor element substitution. The run products of YODER ( 1968) were analyzed to determine the degree of solid solution in akermanite, diopside, fomterite, merwinite and monticcllite. With a measured entropy for monticellite, possible errors in the entropy of merwinite can be evaluated by fitting the thermodynamically generated curves to the expMiments corrected for solid solutions.
MATI5RlAI.s
Ten grams of ckar, glassy monticellite &om Ckuxtde Slide, NY (VALLEY and ESSEFG, 1980) were sparated fm analysis. ~~rn~~~~~a~ya~~ CAMECA CAMEBAX micropmbe at The Unive&y of Michigan (Tabie I). The unit+zell volume of the natural material was determined by pow&r X-ray di&action at Ya"2e/ min. with quartx as an internal standatxl. A kast-squams fit of the observed d values of unambiguouJy indexed peaks (Table 2) yielded the lattice parameters given in Table 3 . The molar volume of end-member monticellitc was calcukted assuming a linear variation between the composition and molar volumes for the phases kimchsteinite, cakium olivine and tephtoite (Table 4 ). The monticeltite sampk was pmsumed to be Bee of vacancies (cf: BROWN, 1982) and the anatysis was The entropy of end-member monticellite was calculated with a procedure analogous to that for molar volume. Entropy data for kirschsteinite are not available, so the entropy of fayalite and calcium-olivine were substituted for kirschsteinite. A linear variation in entropy with composition between natural and end-member monticellite and the phases calcium olivine, tephroite, and fayalite was assumed (Table 4 ). The magnetic transition contribution to the entropies of fayalite and tephroite were subtracted from the 5& of these phases as the equivalent magnetic entropy contribution to monticellite was smoothed out of the data, The extrapolated S&a (108.1 f 0.2 J * mol-' K-') compares favorably with the estimate of VALLEY and ESSENE (1980, 107 .3 J-mol-' IC-'), but less favorably with previous estimates (HELGESON ef af.. 1978, 110.5 J * mol-' K-l; ROBIE ez aI., 1978, 102.5 J + mol-' K-i).
Heat capacity measurements from 340 to 1000 K were made with a differential scanning calorimeter at the U.S. Geological Survey in Reston, Virginia. These data were fit to the lowtemperature data in the range 290-350 K and are given in Table 7 . The data were smoothed (Table 8 An equation for the entropy of end-member monticellite as a function of tem~~ture was calculated by the same procedure for the S& determination, using compatible entropy coefficients for the phases calcium olivine, tephroite and fayalite (Table 4) . Entropy data were extended to 1700 K using the empirical predi?tion method of ROBINSON and HAAS (1983) constrained by the measured entropy data below 1000 K. High temperature entropy estimates using mineral summation techniques are within I .5 J * mol-' K-I using the fol- 
The entropies of monticellite at 1400 and 1500 K using the technique of ROBiNSON and HAAS (1983) The entropy of 295.1 J -mol-' K-i at 1000 K using the above equation is higher than the estimate of 29 l-293 J + mol-' K-' using enthalpy data combined with experimental reversals (BROWSE et al., 1984) .
With new data on the entropy of monticellite, we attempted to fit the calculated curves for reactions (l-5) to the experimental data. Reactions (2, 5, 11, 13, 14) include the phases forsterite and monticellite which display significant mutual solid solution. The location of the end-member curves determined from the experimental reversals corrected for solid solution can be estimated with the mixing parameters of ADAMS and BISHOP ( 1985) . Their reversed experiments on the join Mg,Si04-CaMgSi04 show that the miscibility gap between forsterite and monticellite is independent of pressure and is asymmetric, with the monticelhte limb displaying greater solid solution. Activities of monticellite and forsterite at various temperatures were calculated from the one-site asymmetric solution model of ADAMS and BISHOP (1985) . At the temperatures of Yoder's experiments (Fig. 2) for reactions (2) and (S), the amount of solid solution predicted by ADAMS and BISHOP'S model (e.g. uMo = 0.92, arO = 0.96 at 1500 K) shifts the experimental reversals significantly relative to end-member montice~lite and forsterite.
The degree of solid solution for the phases akermanite and diopside in the CaO-MgO-Si02 system should be minimal ( KUSHIRO and SCHAIRER, 1964; SCHAIRER et al., 1967: VALLEY and ESSENE, 1980) . Since the knowledge of the solid solutions is critical for proper iocation of the end-member reaction curves. Dr. Yoder has kindly provided the run-products of reactions (2) and (5) for analysis. The X-ray analysis of monticellite synthesized with forsterite at 1350°C and 8 kbar ( Table 2 ) corresponds to a completely ordered olivine of composition Mo~~Fo,~ using the a-b plot for Ca-Mg olivines of LUMPKIN et al. (1983) . Compositions of the same sample determined by electron microprobe analyses range from Mog2_r5 ( Table  9 ). The composition expected from the model of ADAMS and BISHOP ( 198.5 ) is Mo~~o,~, in agreement with the compositions of Yoder's run products. Microprobe analyses of montice~t~ syntax at lower temperatures give a much wider range of compositions. A monticellite synthesized at 975°C and 5 kbar by YODER (1968) , has an apparent compositional range of Me,_,, (Table 9) . Back-scattered electron imaging of this monticellite shows it to contain many blebs of forsterite and some akermanite. The most monti~ltite-rich analysis of this sample (~0~0~) corresponds precisely with the composition predicted by the Margules parameters and X-ray determinative methods of (1) through (5) for end-member phases. Reversed brackets for reactions (2) and (5) ADAMS and BISHUP (I 985). Analyses with greater apparent solid solution are likely due to contamination by the small forsterite inclusions. AlternativeIy, the variation observed in the microprobe analyses may be caused by metastable reaction products in experiments run at lower temperature and pressure.
HEAT CAPACITY OF MO~~CELLITE
YODER (1973. 1975) suggested that akermanite may exhibit solid solution with other phases in the CaOMgO-SiO* system. Analyses of akermamte from run products show a consistent enrichment in Mg relative to Ca (Table 9) , but a constant (Ca + MgYSi ratio of 3/2 indicating no detectable solid solution toward tli, ivine. Merwinite analyses show solid solution toward forsterite with an Mg/(Ca + Mg) ratio of0.26 (ta. t).Z? for ideal merwinite), but the (Ca + Mg)/9 ratio of _' suggests that merwinite has no solid solution off the Ca$iO.,-Mg$?+iO., join. Diopside coexistmg with for, sterite and monticellite may show some solid solution toward enstatite at high temperatures. The diopsidr analysis (Table 9) (2) and (4) the effects of solid solution for akermanite, merwinite and diopside tend to cancel each other and the net shift for both reactions is less than 0.1 kbar. For reaction (5), the solid solution between monticellite, forsterite and merwinite places the theoretical endmember reversal brackets at significantly higher pressures (2 kbar at 1400°C). The effect of solid solution for the location of the decarbonation reaction reversals is very small at the temperature of the experiments. With the constraints of the reversal brackets corrected for solid solution, the P-T location of reactions ( l-5) for the ideal phases was calculated with the aid of the computer program EQUILI (WALL and ESSENE, unpublished) (17)
PI TI
Data for all phases are given in Table 10 . The two solid-solid reaction invariant points, forsterite-absent (-Fo) and wollastonite-absent (-Wo) in Fig. 2 are locatedat 1008+5Kand6.3fO.l kbarand 1361 + 10 K and 10.2 f 0.2 kbar respectively. The entropies of all phases considered are now well-known except for merwinite, which has only been measured down to 52 K ( WELLER and KELLEY, 1963) . The entropy estimate of WELLER and KELLEY for merwinite results in a poor fit of the generated curves to the experimental reversals corrected for solid solution. A best fit is made when the S&s of merwinite is set at 250.2 J -mol-' Km', less than WELLER and KELLEY'S estimate of 253.2 J -mol-' K-'. WELLER and KELLEY (1963) noted a small transition at 122 K which may be due to a phase transition or contamination by other phases. The X-ray pattern of their synthetic merwinite had two peaks that do not correspond to merwinite. The discrepancy between the measured and calculated entropy of merwinite may be due to possible contamination by other phases and to errors in the extrapolation of WELLER and KELLEY'S ( 1963) heat capacity from 50 to 0 K.
The best fit of reactions (l-5, 1 l-l 5) to the experimental reversals and the AG!& of each phase was determined in the following way:
1) The AC& was calculated for each reaction (l-5, 11-l 5) from the reversals at high P-T. For the decarbonation reactions, using the modified RedlichKwong model of KmrucK and JACOBS ( 198 1) for HzQCOz mixing, the experiments with pure COz and at low pressures are inconsistent with the experiments with H20-CO2 mixtures at 1 kbar.
2) Simultaneous calculation does not yield a unique solution for the AG!& of each phase. The AG;98 of COz, calcite, pet-i&se and wollastonite were assumed to be correct (ROBINSON et al., 1982; TREIMAN and ESSENE, 1983) , and with these data the AG'& of the remaining phases were calculated.
The best fit for reactions ( l-5, 1 I-15) is shown in Figs. 2-4 using the thermodynamic data in Table 10 . The free energy of monticellite (AGq& is calculated as -2 133 kJ -mol-'. significantly less than previously re- ported (HELGESON el al., 1978, -2 143 kJ . mole ' and ROBIE et al., 1978. -2146 kJ . mol-'). The close agreement between their two estimates is a result of their use of the same enthalpy data for monticellite. More recent enthalpy measurements on monticellite by alkali borate solution calorimetry at 1073 K (BROUSSE ef ui., 1984) were extrapolated to 298 K with the new entropy data. The AG&(Mo) value of -2 129 kJ * mole.-' is in excellent agreement with the present results.
The AG$,* calculated for akermanite is -3667 kJ -mol-' compared to -3681, --3679, and -3668 kJ e mol-' of HELGESON et al. (1978) . ROBIE et ul. ( 1978). and HEMINGWAY et al. (1985) respectively. The AC&, x(&) = -32 18 value is in good agreement with the AC'&, k(Ak) = -32 10 kJ . mol-' K-' determined from the solution calorimetry data of BROUSSE ef ul. ( 1984) . The calculated AC'& for merwinite is --43 17 kJ .mol-', 0.5% less than the estimates of --4339 kJ -mole-' from ROBE e [ al. ( 1978) and -4340 kJ e mot-' from HELGESON PI al. (1978) , and 0.2% greater than the estimate of -4307 kJ -mol-' calculated from the high-temperature enthalpy data of BROUSSE ef al. ( 1984) and the entropy data in Table 10 . Reaction (5) is located 2.5 kbar higher than the best fit location at 1200°C using the enthalpy data of BROUSSE ef ai. ( 1984) . This illustrates the uncertainties in locating solid-solid reactions with enthalpy data alone. An error of just 0.2% in the enthalpy of a phase can result in a significant error in the location of a reaction curve. For these reactions, measured thermodynamic quantities must be combined with the experimental reversals to yield accurate results.
The locations of the univariant reactions ( l-5, ll-15). calculated from the data in Table 10 are in excellent agreement with all of the experimental reversals (Figs. 2-4 ) except for reactions ( 14) and (15) (Fig. 4) . The apparent reversals for reactions ( II-14) (WALTER, 1963a,b) nearly coincide. while the calculated positions for these curves indicate that reaction ( 14) must lie at higher temperatures than the other three (Fig. 4) . This same conclusion was reached by TURNER t 1968. p 135) on the basis of natural occurrences and thermudynamic calculations.
Phase equilibria in the system CaO-Mg0-SiO+IU: are pertinent to talc-silicates metamorphosed at high temperatures and low pressures. Monticellite, aker.. manite, merwinite, and monticellite + periclase are all stable in the pyroxene-homfels facies. Theu stability is controlled primarily by P(CO2) and they provide far better CO2 barometers than thermometers.
Although there are many reports of high-temperature Ca-Mg silicates, few authors have systematically dcscribed the sequence of high-temperature assemblages around a contact aureole. JOESTEN ( 1974 JOESTEN ( , 1976 reports assemblages of Ca-and Ca-Mg silicates m a limestone sequence intruded by a high-level gabbro. He infers temperatures of 9OO-1000°C based on phase equilibria involving talc-silicates (see also TREIMAN and ESSENE. 1983) . JOESTEN (1976) reports a melilite (.-Ik,,)-Cc-z~ri~ assemblage which is buffered by reaction (15) for a given a(&) and,f(CO*). He also reports spurrite-rankinite-wollastonite in skams. These two assemblages may indicate skam formation at water-rich conditions (X(H,O) = 0.8-0.95) and lower temperatures (850-900°C) than inferred by JOESTEN. These water-rich conditions are also expected for the formation of vesuvianite (VALLEY et al.. 1985) which 1s widespread in the skam studied by JOESTEN. Independent thermomett-y is needed before more precise fluid compositions can be reliably obtained. BOWEN (1940) estimated the relative abundance of phases in the system CaO-MgO-SiO&IO: by correlating the abundance of each mineral to its year of discovery. Diopside was named in 1806. wollastonite in 1822. forsterite in 1824. monticellitc m i 8.7 I. akcr-. manite in 1884 and merwinite in 197 1. and the loatemperature calorimetry for each of these phases has to date been measured in the same order. Merwinite was the last named and it remains the onlv one in this _ .~ _ .._ -._..._.... 
